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Abstract 
Triclosan (5-chloro-2-(2,4-dichlorophenoxy)phenol) is an active ingredient 
in many household disinfectants and has been extensively used in improving 
environmental hygiene. Triclosan is a relatively stable, lipophilic compound. It has 
been reported recently that triclosan could be photochemically converted to toxic 
2,8-dichlorodibenzo-/7-dioxin (2,8-DCDD) in the environment. It is therefore 
necessary to develop environmentally friendly waste treatment methods for triclosan. 
To this end, photocatalytic degradation of triclosan in aqueous solution was conducted 
using Ti02 (Degussa P25) under irradiation of U V light (人<365nm). It was found that 
triclosan could be successfully degraded by this approach. Hydrogen peroxide was 
added to enhance the degradation process, and the optimal initial hydrogen peroxide 
concentration for triclosan degradation was 0.005 %(w/v). Product identification 
indicated that triclosan oxidation occurred at its phenol moiety and yielded quinone 
and hydroquinone intermediates. The formation of a dichlorophenol intermediate in 
triclosan degradation suggested bond-breaking of the ether linkage occurred during 
the process. Moreover, no chlorinated dibenzo-p-dioxin congener was detected. These 
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Chapter One Introduction 
1.1 The outbreak of SARS 
In the spring of 2003, there was an outbreak of the severe respiratory 
syndrome (SARS) in Hong Kong. SARS was a new respiratory disease caused by a 
previously unknown virus, so it was also called atypical pneumonia. It was believed 
that the mode of transmission was by droplets spread through close personal contact. 
Until the World Health Organization's announcement of removal of Hong Kong from 
the SARS transmission list, thousands of people became sick with SARS. Of these, 
299 died according to the Department of Health. 
To ensure Hong Kong a safe and hygienic city, our government conducted 
many education campaigns to promote personal and environmental hygiene through 
different channels and in different settings. Introduction of personal hygiene practices, 
such as frequent hand washing and wearing masks, were precautionary measures in 
combating this disease. Health concerns have thus triggered an increased and 
predominant use of various types of household cleansing agents with little caution on 
the adverse effects caused by these agents. 
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1.2 Characteristics of triclosan 
Triclosan, 5-chloro-2-(2,4-dichlorophenoxy)phenol, is an active ingredient in 
many household disinfectants and has been extensively used in improving 
environmental hygiene. It can be found as an antiseptic component in medical 
products such as hand disinfecting soaps, medical skin creams, and dental products 
[1-4]. Today, many health care products, such as toothpaste, mouthwash, and soaps, as 
well as household cleansers contain triclosan as an antimicrobial agent. 
CI OH CI 〇-
. . pH < pKa ^ ^ 
triclosan (molecular form) triclosan (anionic form) 
Figure 1.1 The chemical structures of molecular form and anionic form of triclosan. 
As shown in figure 1.1, triclosan is a chlorinated phenoxyphenol and it has 
been found in surface water both in its molecular and anionic form (pKa = 8.1) [1,5]. 
It is a relatively hydrophobic compound with octanol-water partition coefficient (log 
Kow) of 5.4 [1,2]. It has high stability against strong acids and bases. The antibacterial 
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and antimicrobial properties make it very resistant to biodegradation. The toxicity of 
triclosan on human had been investigated for many years. The adverse effects include 
mild itching and allergic redness on sensitive skins, so it is regarded as a low toxicity 
chemical. However, toxicity studies of triclosan on other living organisms showed that 
it is acutely toxic to aquatic organisms, such as fish and algae [1,4,5]. 
1.3 Environmental fate of triclosan 
The incorporation of triclosan in various products results in its huge 
discharge to the surface water through treated and untreated sewage [1,3-4,6-9]. In the 
United States, Germany, Spain and Switerzerland, this biocide can be detected at ppb 
levels in untreated wastewater from both residential or industrial sources. This 
compound has also been found in ppt levels in rivers, lakes and the open sea. 
[1,4-5,7-10]. It can undergo biological transformation to form methyl-triclosan, which 
has been detected in ppq levels [4,10]. Once entering the aquatic system, triclosan 
tends to adsorb to soils and sediments due to its hydrophobic nature. Detection of 
triclosan in marine sediments had been reported, with concentrations ranging from 
130.7 n g/kg to 0.27 //g/kg[l,6]. 
It was estimated that 85-95% of triclosan was removed from the wastewater 
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treatment plants, with the residual amount of triclosan entered the surface water 
[1,3,5,8]. Phototransformation was demonstrated to be the main elimination process 
of triclosan in surface water [5]. The light absorption rate of triclosan is directly 
proportional to the overlap between the absorption spectrum of triclosan and the 
spectrum of terrestrial sunlight. This overlap increases with increasing pH, hence 
direct photolysis is much more important in alkaline media where triclosan exists as 
an anion [4,5]. 
Recent studies suggest that triclosan can be photo-converted to dioxin. 
Kanetoshi et al. [11] reported the formation of various chlorinated dioxins from 
triclosan upon exposure of sunlight. Triclosan may also undergo cyclization to form 
2,8-dichlorodibenzo-p-dioxin (2,8-DCDD) in aqueous solution under U V irradiation 
[12]. Furthermore, triclosan can be easily chlorinated by sodium hypochlorite solution 
to produce chlorinated derivatives. These chlorinated derivatives are converted to 
chlorinated dioxins upon heating and U V irradiation [13-15]. Chlorinated dioxins are 
highly toxic, highly resistant to degradation, and can be bioaccumulated along the 
human food chains. Besides, they are well-known carcinogens and teratogens. Once 
entering the human cells, dioxin congeners bind to the aryl hydrocarbon (Ah) receptor 
to induce their carcinogenicities [16-20]. Many epidemiological studies demonstrated 
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dioxins would cause reproductive and developmental abnormalities in human beings 
[16-24]. It would be a serious problem if large quantities of this dioxin precursor were 
disposed in our living environment. A suitable waste treatment method for triclosan is 
thus necessary. 
CI OH U V (450W, 
280nm<wavelength ^ ^ 〇 
<320nm 
Figure 1.2 Formation of 2,8-DCDD from ring closure of triclosan. 
1.4 Treatment methods for triclosan 
For treatment of organic pollutants, activated carbon adsorption and 
chemical oxidation were used in traditional wastewater treatment. These techniques, 
however, had their own limitations. For example, activated carbon adsorption 
involved only phase transfer of pollutants without degradation. Chemical oxidation 
was unable to mineralize all organic substances and was only economically feasible 
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for treatment of pollutants with high concentration [25-28]. 
Recently, dechlorination of triclosan by catalytic hydrogenation over 
palladium/carbon catalysts has been studied [29]. Over 99 % of triclosan was 
dechlorinated within an hour. Two major intermediates, dichloro-2-phenoxyphenol 
and morochloro-2-phenoxyphenol and one final product, 2-phenoxyphenol were 
identified; however, complete mineralization of triclosan had not been demonstrated. 
It is a challenge to develop environmentally method for complete mineralization of 
triclosan, and TiOi-based photocatalysis is an option to be explored. 
1.5 TiOi photocatalysis 
During the last two decades, photocatalysis showed wide applications in 
environmental cleanup. Among the various photocatalysts, Ti02-based photocatalyts 
were found to be the most effective in the total destruction of organic compounds in 
polluted water [26-27,30-35]. Titanium dioxide is non-toxic and relatively 
inexpensive. It is resistant to photocorrosion and chemical corrosion. Furthermore, 
many studies have shown successful immobilization of TiO〗 on different rigid 
supports, which in turn enhanced its environmental applications [36-41]. 
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Photocatalysis with anatase Ti02 is based on the formation of pairs of 
electrons and positive holes, when the photocatalyst is subjected to photons having an 
energy level that exceeds the Ti02 band gap energy level of 3.2 eV. Under U V 
irradiation with wavelength shorter than 387.5 n m [42-45], an electron is excited from 
the valence band to the conduction band of the Ti02 photocatalyst, leaving a hole in 
the valence band. 
Ti02 ^ h v ^ Ccb" + hvB+ Eq. 1 
The hole is then trapped by a hydroxide ion or water molecule yielding hydroxyl 
radical. 
hvB+ + OH- — O H Eq. 2 
hvB+ + H2O O H + H+ Eq. 3 
The photogenerated electron is accepted by oxygen forming superoxide anion radical 
and finally becoming hydroxyl radical. 
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ecB + O 2 + O2 - Eq. 4 
2 O2 - + 2H202-> H 2 O 2 + 20H- + O 2 Eq. 5 
ecB— + H202-> OH" + O H Eq. 6 
In the presence of oxygen and water, the photogenerated hydroxyl radical, 
which is a strong oxidizing agent, can oxidize triclosan molecule and lead to its 
degradation [42]. However, the main concern on the destruction of triclosan by Ti02 
photocatalyst is the possibility of simultaneous dioxin generation when triclosan is 
exposed to UV, regardless of the presence of TiO?. 
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Z ^ U V light 
O2 C ^ x / -0.5 eV C B \ C 
^ - O H + pollutants • CO2 + H 2 O 
\ +2.7 eV U 
Anatase Ti02 particle 
Figure 1.3 Mechanisms of Ti02 photocatalysis. 
1.6 Addition of hydrogen peroxide to the photocatalytic system 
Suppressing the recombination of electron-hole pairs is an important 
consideration in photocatalysis. This can be achieved by the addition of hydrogen 
peroxide, persulfate ions or bromate ions to the photocatalytic system [46-47]. H2O2, 
like oxygen, can scavenge the excited electrons and be reduced to hydroxyl radicals. 
After addition of H2O2 to the photocatalytic system, the rate of electron-hole 
recombination is decreased significantly [48]. Moreover, additional hydroxyl radicals 
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are generated from the reduction of H2O2. This in turn enhanced the photocatalytic 
degradation of pollutants [49-50]. 
1.7 Gas chromatography/ ion trap mass spectrometry analysis 
Gas chromatography/ ion trap mass spectrometry (ITMS) was employed for 
the analysis of dioxins in order to increase selectivity and enhance the analyte 
identification potential. After separation by GC，the components reaching the ion 
source are ionized. The precursor ions with particular m/z values are isolated in the 
ion trap during the first mass spectrometer separation. The ions can in principle be 
formed from different molecules structures. During collision-induced dissociation, 
fragmentations of the precursor ions to product ions occur through collisions of the 
selected ions with neutral gas molecules. In this process, the kinetic energies of the 
precursor ions are converted into internal energies by the collisions, which lead to 
substance-specific fragmentations by cleavage or rearrangement of bonds. A mixture 
of product ions with lower m/z values is formed. Following these fragmentations, a 
second mass spectrometer separation is necessary for the mass analysis of the product 
ions. The spectra of the product ions are then recorded. The matrix effect from the 
chemical interfering background can thus be eliminated and the detection sensitivities 
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of the target compounds are enhanced [51-54 . 
Two parameters, “q，，value and resonance excitation voltage (REV) were 
optimized during collision-induced dissociation to obtain the best analytical 
performance. The "q" value refers to the radio frequency voltage that is applied to the 
ring electrode of the ion trap mass analyzer. Another parameter, REV, refers to the 
radio frequency voltage applied to the end cap electrodes of the ion trap mass analyzer 
[53-55]. During the short time span of collision-induced dissociation, the kinetic 
energy gained by the precursor ion can be converted to internal energy for 
dissociation to product ions [53-54]. The kinetic energy gained by the ion can be 
maximized by superimposing its resonant frequency on the radio frequency voltage 
with the amplitude that is weak enough not to expel the ion from the trap. The “q，’ 
value and R E V can affect the amount of product ions produced from the isolated 
precursor ion [53]. 
1.8 Scope of work 
This was a study on the destruction of triclosan in aqueous solution using 
Ti02-based photocatalyts. It included both direct photolysis (without TiO!) and 
photocatalytic oxidation of triclosan (with TiO�）at two different wavelengths in the 
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U V spectral region. GC/ITMS was employed for trace analysis of dioxin. A n attempt 
was made to identify the intermediate products formed in the photocatalytic oxidation 
of triclosan through G C / M S (full scan mode) analysis. The optimal initial H2O2 
concentration for triclosan oxidation has been investigated. The photocatalytic 
oxidation of 2,4-dichlorophenol, a major degradation by-product was also investigated 
in details. 
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Chapter Two Experimental 
2.1 Chemical reagents 
Triclosan (5-chloro-2-(2,4-dichlorophenoxy)phenol), was purchased from 
Tokyo Chemical Industry. 2,4-dichlorophenol and 2,5-dichlorophenol were supplied 
by Fisher. 4,6-dichloro-benzene-l ,2-diol, 4,6-dichloro-benzene-l,3-diol and 
2-chloro-1,4-benzoquinone were purchased from Aldrich. 
Titanium dioxide (P25 TiO�）was obtained from Degussa. Hydrogen 
peroxide solution (30 %w/v) was supplied by Panreac. Chloroform (HPLC grade) was 
purchased from Labscan Asia. The 2,8-dichlorodibenzo-p-dioxin (2,8-DCDD) 
analytical standard was purchased from Wellington (50 mg/L, in n-nonane), and the 
anthracene standard was purchased from Chemservice (100 mg/L, in methanol). 
Potassium hydrogen phthalate and sodium hydrocarbonate were supplied by Nacalai 
Tesque Inc.. All chemicals were kept in a refrigerator and were used as received. 
Milli-Q water was used in all experiments. 
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2.2 Photocatalytic experiments 
Experiments were carried out in a 1000 ml cylindrical Pyrex U V reactor 
(Figure 2.1). The reactor was cleaned by sonication and soaked in an alkaline bath 
after use. A 15 W 365 n m U V lamp (Vilber-Lourmat) or a 15 W 254 n m U V lamp 
(Vilber-Lourmat) was used as the light sources. The titanium dioxide photocatalyst 
was suspended in 600 ml solution containing specific concentrations of TiOi, H2O2 
and triclosan. 
等 1 Cooling water ] 
^ ！ ^ ^ 一 ― ） I 
Ti02 powders suspended in triclosan 
m i l ^ ^ l ^ Q aqueous solution 
I J ^ 
Figure 2.1 Apparatus for irradiation experiments. 
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As the maximum water solubility of triclosan was 10 mg/L, the initial 
concentration of triclosan in the photocatalytic reaction was 9 mg/L. The amount of 
Ti02 photocatalyst used was 100 mg/L. Before each experiments, the suspension was 
stirred for 15 min to reach equilibrium in the dark prior to illumination. All 
experiments were performed at ambient temperature. At pre-selected time intervals, 
10 ml aliquots were taken from the suspension and put into glass vials. The samples 
were kept at 6 in dark prior to chemical analysis. Preliminary studies indicated that 
the use of polypropylene tube for sample collection caused low recoveries in organic 
analysis. The organic analysts may be adsorbed on the walls of the tube. Therefore, 
glass vial was chosen as sample collector. 
As 2,4-dichlorophenol was detected as a major intermediate in triclosan 
degradation, separate experiments using 2,4-dichlorophenol as the starting compound 
were carried out. Two 2,4-dichlorophenol solutions with different initial concentration 
(9 mg/L and 500 mg/L) were tested. Other conditions were kept the same. 
2.3 Analysis of 2,8-DCDD and triclosan by GC/ITMS 
A Thermo Finnigan Trace G C system interfaced with a Polaris Q ion trap 
mass spectrometer was used for the quantification of triclosan and 2,8-DCDD. The 
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analytical column used was J & W DB-5MS (30 m x 0.25 m m x 0.25 |Lim, 
(5%-Phenyl)-methylpolysiloxane). 2.5 ml aqueous samples were spiked with 25 {i 1 
anthracene (internal standard) and were extracted vigorously for 5 min with 2 portions 
of 2.5 ml chloroform. The Ti02 powders remained in the top aqueous layer, leaving a 
clear organic bottom layer. The chloroform extract was then evaporated to dryness 
under a gentle stream of nitrogen gas. The residue was redissolved in 0.5 ml 
chloroform and transferred to 1.5 ml amber vials with screw cap. The sample extracts 
were kept at 6 in dark prior to gas chromatographic analysis. 1 //1 sample extract 
was manually injected for analysis. 
H ^ U B 
Figure 2.2 Thermo Finnigan Trace G C system equipped with a Polaris Q ion trap 
mass spectrometer. 
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The column temperature was maintained at 100。。for 3 min; then gradually 
increased to 280 at a rate of 25 min\ and held for 5 min. Solvent delay was 7 
min. The carrier gas was helium with flow rate at 1 m l m m \ The M S transfer line 
temperature was set as 300 Mass spectra were recorded in electron ionization (EI) 
mode (E =70 eV). The total G C run time was 15.2 min. 
2.4 Optimization of GC/ITMS conditions 
Selecting an appropriate precursor ion for each analyte was the initial step 
for developing a GC/ITMS method. A mixed standard of triclosan, 2,8-DCDD and 
anathracene was first analysed in full scan mode. The most abundance fragment ions 
on the full-scan mass spectrum were chosen as the precursor ions for further M S / M S 
analysis. From the collision-induced dissociation, two product ions with high 
abundance were chosen as the quantification ion and confirmation ion for each 
compound. Two ITMS parameters “q” value and R E V were investigated in series for 
optimization of the ion trap M S / M S performance. Other ITMS parameters were set as 
the original default values. 
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2.5 Analysis of other reaction intermediates by G C / M S (full scan 
mode) 
Other reaction intermediates was determined by Agilent 6890N G C system 
equipped with a Agilent 5973N Mass Selective Detector. The analytical column used 
was J & W DB-5MS (30 m x 0.25 m m x 0.25 jum, (5%-Phenyl)-methylpolysiloxane). 
For intermediates identification in triclosan oxidation, 5.0 ml aqueous samples were 
extracted vigorously for 5 min with 2.5 ml chloroform without addition of internal 
standard. The chloroform extract was evaporated to dryness under a gentle stream of 
nitrogen gas. The residue was then redissolved in 0.25 ml chloroform and transferred 
to 1.5 ml amber vials with screw cap. For identification and quantification of 
intermediates in 2,4-dichlorophenol oxidation, 2.5 ml aqueous samples were extracted 
vigorously for 5 min with 2.5 ml chloroform. The sample extracts were kept at 6 in 
dark prior to gas chromatographic analysis. 1 ji 1 sample extract was manually injected 
for analysis. 
The initial temperature was maintained at 50 for 1 min; then gradually 
increased to 220 at a rate of 8 m m \ and held for 10 min. The solvent delay was 
5 min. Carrier gas was helium with flow rate at 1 mlmin]. The M S transfer line 
temperature was set as 280 Mass spectrum was produced by standard electron 
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ionization (70 eV) at the EI mode. The total G C run time was 32.25 min. The M S 
detector was operated in full scan mode, scanning between m/z 35 and m/z 700 
repeatedly during each G C run. Interpretation of mass spectra was supported by 
literature data and National Institute of Standards and Technology (NIST) spectra 
library. 
Figure 2.3 Agilent 6890N G C system equipped with a Agilent 5973N Mass Selective 
Detector. 
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2.6 Analysis of 2，4-(lichlorophenol and triclosan by G C / M S (SIM 
mode) 
G C / M S (SIM mode) methods were also developed for the analysis of 
2,4-dichlorphenol and triclosan. The sample extract together with an internal standard 
was analyzed again in selective ion monitoring (SIM) mode. G C / M S (SIM mode) 
analysis possesses a lower detection limit than G C / M S (full scan mode) analysis. 
Analysis was performed by a H P 6890 G C system equipped with a H P 5973N Mass 
Selective Detector. The G C conditions were the same as the operation of G C / M S (full 
scan mode). The M S detector was operated in SIM mode, and the most abundance 
ions of 2,4-dichlorophenol, triclosan and anthracene (internal standard) were 
monitored. 
2.7 Effect of initial hydrogen peroxide concentration on triclosan 
degradation 
The effect of H2O2 was investigated by adding 25 fi\, 50//I, 100//1，200 fi 1， 
400 ！11，800 {! 1,1600 //1 of stock 30 % H2O2 solution into the reaction suspensions for 
photocatalytic experiments (k =365 nm). Hence, initial H2O2 concentrations in the 
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suspensions were 0.00125 % , 0.0025 % , 0.005 % , 0.01 % , 0.02 % , 0.04 % , 0.08 % 
respectively. 
2.8 Determination of total organic carbon (TOC) removal 
The total organic carbon (TOC) of the photoreaction solution was measured 
by TOC-5000/5050 total organic carbon analyzer, following the protocol of 
instruction manual. Potassium hydrogen phthalate and sodium hydrocarbonate were 
standards for total carbon (TC) and inorganic carbon (IC) respectively. Quantification 
of T O C was performed in triplicate and the total organic carbon was calculated 
automatically. 
T O C = TC-IC 
T O C (initial) - T O C (reaction time) 
T O C removal (%) = x 100 % 
T O C (initial) 
2.9 UV-Visible spectrometry 
The UV-Visible absorption spectra were obtained from a Van an Gary 100 
Scan UV-Visible spectrometer. 
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Chapter Three Results 
3.1 Selection of precursor ions for GC/ITMS analysis 
For GC/ITMS analysis, the retention times of triclosan, 2,8-DCDD, 
anthracene (internal standard), were found to be 10.36 min, 9.79 min and 9.17 min 
respectively. Based on the full scan M S results, the ions at m/z 218 for triclosan, m/z 
189 for 2,8-DCDD, and m/z 178 for anthracene were the most predominant ion peaks. 
M S / M S analysis was conducted with these three ions as precursor ions. 
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Figure 3.1 Chromatograph (GC/ITMS) of triclosan, 2,8-DCDD and anthracene 
standard. 
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Figure 3.2 Full scan mass spectra (GC/ITMS) of (a) triclosan; (b) 2,8-DCDD; (c) 
anthracene. 
The original default values of the ITMS operating parameters were set as 
ion source temperature 200 electron energy 70 eV, isolation time 8 ms, excitation 
time 15 ms, “q，，value 0.45 and resonance excitation voltage (REV) 1.0 V. MS/MS 
spectra obtained for triclosan, 2,8-DCDD and anthracene were presented in Figure 3.3. 
The criteria for selecting quantification ion included peak intensity and ion specificity. 
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The M S / M S analysis of triclosan and 2,8-DCDD resulted major fragment ions at m/z 
155 and m/z 126, which were selected as quantification ions and ions at m/z 127 and 
m/z 161 were selected as confirmation ions respectively. For the internal standard, as 
the respective predominant ion was the precursor ion, the second most abundance ion 
at m/z 152 was selected as the quantification ion. Characteristics ions including 
quantification ions and confirmation ions for the M S / M S method were summarized in 
Table 3.1. 
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Figure 3.3 M S / M S spectra (GC/ITMS) of (a) triclosan; (b) 2,8-DCDD; (c) anthracene 
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Compound Precursor Quantification Confirmation 
ion (m/z) ion (m/z) ion (m/z) 
Triclosan 218 155 127 
2,8-DCDD 189 126 161 
Anthracene 178 152 -
(internal standard) 
Table 3.1 Characteristics ions including quantification ions and confirmation ions for 
the M S / M S method. 
3.2 Optimization of GC/ITMS conditions 
Optimization of ITMS parameters was achieved by monitoring the 
corresponding peak intensities. The optimization aimed at the enhancement of the 
signal intensity of the selected quantification ions. Only three settings, 0.225, 0.300 
and 0.450, can be used for optimization of “q，，value. Eight settings, ranging from 
0.50 V-2.25 V，were placed on the ion trap mass spectrometer. Twenty-four injections 
of standard mixture were performed for the optimization using various values of “q” 
value and REV. 
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The results in Figure 3.4 indicated that optimal REV and ‘‘q，，values for 
triclosan were 0.75 V and 0.3 respectively. The best peak response was obtained when 
REV was I V and ‘‘q，’ value was 0.45 for 2,8-DCDD and anthracene. 
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Figure 3.4 Optimization of M S / M S parameters “q，，value and R E V for (a) triclosan; (b) 
2,8-DCDD; (c) anthracene. 
3.3 Analysis of 2，8-DCDD and triclosan by GC/ITMS 
Quantification of triclosan and 2,8-DCDD was based on the method of 
internal standard that was added to the aqueous samples prior to extraction. Their 
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Figure 3.5 Standard curve of G C peak area and concentration of triclosan. 
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Figure 3.6 Standard curve of G C peak area and concentration of 2,8-DCDD. 
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Average recoveries obtained from the analysis of five samples containing 
both 1 mg/L of triclosan and 2,8-DCDD were 95.13 % and 95.99 % respectively. 
Detection limits were defined as the lowest analyte concentration giving S/N ratio 
greater than 3. The instrumental detection limits were 0.50 {i g/L for triclosan and 
0.25 ji g/L for 2,8-DCDD. When considering the recovery of the sample preparation 
procedures, the theortical detection limits of the method were 0.11// g/L for triclosan 
and 0.05 // g/L for 2,8-DCDD. 
3.4 Analysis of 2,4-dichlorophenol and triclosan by G C / M S (SIM 
mode) 
The temperature programme of GC/MS (SIM mode) analysis was different 
from that of GC/ITMS analysis. The retention times of 2,4-dichlorophenol, triclosan 
and anthracene (internal standard) were 10.49 min, 24.74 min and 20.54 min 
respectively. For 2,4-dichlorophenol, the monitored ion was m/z 162 and the detection 
period was at the min to min. The monitored ion was m/z 288 and the 
detection period was at the 23*^  min to min for triclosan. For internal standard, the 
monitored ion was m/z 178 and the detection period was at the min to min. 
Quantification of 2,4-dichlorophenol was based on the method of internal standard 
that was added to the aqueous samples prior to extraction. The linearity was 
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established with r^  at 0.9998. 
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Figure 3.7 Standard curve of G C peak area and concentration of 2,4-dichlorophenol. 
Average recovery obtained from the analysis of five samples containing both 
Img/L of 2,4-dichlorophenol was 92.03 % . Detection limits were defined as the 
lowest analyst concentration giving S/N ratio greater than 3. The instrumental 
detection limit was 1.00 fi g/L. The method detection limit was 0.22 (i g/L for 
2,4-dichlorophenol. 
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Preliminary experiments were also performed to determine the instrumental 
detection limit of 2,8-DCDD in GC/MS (SIM mode) analysis. The retention time of 
2,8-DCDD in G C / M S (SIM mode) analysis was 22.53 min. Therefore, in the 
detection period at the min to min, the selected ion was m/z 252 for 
2,8-DCDD. For G C / M S (SIM mode) analysis, instrumental detection limit was 5.00 
(1 g/L and the method detection limit was 1.05 fi g/L for 2,8-DCDD. This detection 
limit was higher than that in GC/ITMS analysis and it is better to quantify 2,8-DCDD 
by GC/ITMS analysis. 
3.5 Quantitative measurement of 2,8-DCDD in U V irradiated 
samples 
The growth and decay of triclosan and dioxin in the samples irradiated by 
U V at 254 n m were presented in Figure 3.8. In the direct photolysis and 
photocatalytic process (入 max二 254 nm), the triclosan concentration dropped by 97.8 
% and 97.1 % of the initial concentration after U V irradiation for 15 min respectively. 
They showed similar triclosan removal efficiency. 
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Figure 3.8 Concentration changes of triclosan in (a) direct photolysis ( A max二 254 nm) 
and (b) photocatalytic degradation (Ti02, A max= 254 nm). Comparsion of 2,8-DCDD 
formation in (c) direct photolysis ( A max= 254 nm) and (d) photocatalytic degradation 
( T i 0 2 , A m a x = 2 5 4 n m ) . 
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The results summarized in Table 3.2 indicated that 2,8-DCDD was not 
detected in all samples irradiated by U V at 365 nm. However, it was found in samples 
irradiated with 254 n m UV. Dioxin concentrations of 168//g/L- 114//g/L were 
detected after direct photolysis (入 max: 254 nm) for 5 min. Maximum yield of dioxin 
relative to the initial triclosan concentration in direct photolysis was 1.9 % . During 
photocatalytic oxidation (A max= 254 nm), trace dioxin concentrations of 18.6//g/L-
26.5 ！1 g/L were also determined. Maximum yield of dioxin relative to the initial 
triclosan concentration in photocatalytic oxidation was 0.2 %. 
Direct photolysis 254 nm 168 ng/L 
(with U V but no TiOs) 365 nm N.D. 
Photocatalytic degradation 254 nm 26.5 ng/L 
(with U V and TiOz) 365 nm N.D. 
Table 3.2 Maximum 2,8-DCDD concentration in the irradiated sample. The method 
detection limit of 2,8-DCDD was 0.05 ng/L. 
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3.6 Photocatalytic oxidation of triclosan by U V at 365nm 
The photocatalytic degradation of triclosan in aqueous TiOi suspension 
exposed to U V light ( A max= 365 nm) was compared to the direct photolysis (with U V 
but no TiOi) and the dark control reaction (with Ti02 but no UV). The results were 
presented in Figure 3.9. In the direct photolysis, the triclosan concentration dropped 
by 8.1 % of the initial concentration after U V irradiation for 1 hour. As for the 
photocatalytic process, the triclosan concentration decreased rapidly during the first 2 
hours from 8.83 mg/L to 1.80 mg/L, and 44.2 % triclosan was removed after 1 hour of 
reaction. There were great differences in removal efficiency between photocatalytic 
process and the direct photolysis (concentration dropped by 3.5 % and 11.4 % after 15 
min of reaction for direct photolysis and photocatalytic process respectively). 
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Figure 3.9 Photocatalytic oxidation of triclosan (a) U V light without TiO? ( A max= 365 
nm); (b) Ti02 in the dark; (c) U V light with TiCb ( A max二 365 nm). The experiment 
was done in triplicate. Error bars represent the standard deviations of triplicates. 
3.7 T O C removal in triclosan degradation 
TC standards with concentrations ranging from 0.1 mg/L to 5.0 mg/L and IC 
standards with concentrations ranging from 0.1 mg/L to 1.0 mg/L were prepared. Both 
their linearities were established with of 0.9994. 
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Analysis of T O C was used to show the mineralization rate of triclosan 
degradation. The reaction time was extended to 20 hours. The results of T O C removal 
were presented in Figure 3.10. T O C was removed by 30.8 % of the initial 
concentration after photocatalytic oxidation for 1 hour. 79.4 % of T O C was removed 
after 6 hours of degradation. The curve leveled off after 8 hours of degradation. T O C 
analysis confirmed that triclosan was mineralized to carbon dioxide. 
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Figure 3.10 T O C removal of triclosan during photocatalytic degradation (Ti02, X max= 
365 nm). Error bars represent the standard deviations of triplicates. 
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3.8 Identification of intermediates in photocatalytic oxidation of 
triclosan 
Three intermediates were identified during the photocatalytic process in 
Figure 3.11. Their mass spectra were shown in Figures 3.12-3.14. The mass spectrum 
of the peak at retention time of 10.49 min exhibited a molecular ion peak with m/z 
162. Other fragment ion peaks were observed at m/z 126, m/z 98 and m/z 63. This 
compound was assigned as 2,4-dichlorophenol after comparison with authentic 
standard. Comparsion with 2,5-dichlorophenol standard confirmed that this peak was 
not contributed from this dichlorophenol. The retention time of 2,5-dichlorophenol 
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Figure 3.11 Chromatogram (GC/MS full scan mode) of reaction extract of 
photocatalytic oxidation of triclosan (TiO�’ A max= 365 nm, reaction time: 2 hours). 
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Figure 3.12 Full scan mass spectrum (GC/MS full scan mode) of 2,4-dichlorophenol. 
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For the compound at retention time of 26.03 min, its mass spectrum showed 
great differences from that of triclosan. Formation of molecular ion peak with m/z 302 
indicated the quinone structure of triclosan. The para position of the quinone structure 
was supported the appearance of the fragment ion peak m/z 185 [2]. The mass 
spectrum shown in Figure 3.13 was highly similar to that reported by Zhang et al. [2]. 
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Figure 3.13 Full scan mass spectrum (GC/MS full scan mode) of quinone of triclosan. 
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The compound at retention time of 28.18 min showed a similar mass 
spectrum to that of triclosan, with differences of 16 in the m/z ratios of their 
molecular ion, and other fragment ions. The substitution of hydroxyl group for a 
hydrogen atom gave rise to the molecular ion peak m/z 304. This compound was 
assigned as the hydroquinone of triclosan, 2-chloro-5- (2,4-dichlorophenoxy) 
benzene-1,4-diol. 
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Figure 3.14 Full scan mass spectrum (GC/MS full scan mode) of hydroquinone of 
triclosan. 
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3.9 Quantitative measurement of the intermediates in photocatalytic 
oxidation of triclosan 
The three intermediates showed growth and decay behavior (Figure 3.15). 
The concentration of dichlorophenol reached a maximum of 0.98 mg/L at 2 hours of 
irradiation, followed by a slow decrease to 0.34 mg/L with further degradation. 
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Figure 3.15 Concentration changes of (a) triclosan and (b) 2,4-dichlorophenol during 
photocatalytic degradation of triclosan (Ti02，A 匪二 365 nm). Error bars represent the 
standard deviations of triplicates. 
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Figure 3.16 Estimated concentration changes of (a) quinone of triclosan and (b) 
hydroquinone of triclosan during photocatalytic degradation of triclosan (TiO�，A max= 
365 nm). Error bars represent the standard deviations of triplicates. 
Authentic standards of the hydroquinone and quinone intermediates of 
triclosan were not available. Triclosan was used as a surrogate standard to quantify 
them. Figure 3.16 showed that maximum yields of these two intermediates were 
obtained at 2 hours of reaction. The maximum concentration of hydroquinone was 
estimated to be 50 % less than that of quinone. 
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3.10 Effect of hydrogen peroxide concentration on triclosan 
degradation 
The effect of initial H2O2 concentration on the removal efficiency of 
photocatalytic oxidation of triclosan (A max= 365 nm) was investigated. The results 
were shown in Figure 3.17. With addition of H2O2 into the reaction mixture, above 95 
0/0 of triclosan was removed after 1 hour of degradation. The removal efficiency of 
triclosan in photocatalytic process was significantly increased by addition of H2O2. A 
comparison of the triclosan removal efficiency in photocatalytic process for 15min 
was summarized in Figure 3.18. When the concentration of H2O2 increased from 0 % 
to 0.005 0/0，the removal efficiency increased steadily from 11.4 % to 83.3 % . Then the 
removal efficiency decreased slowly from 83.3 % to 60.6 % even the concentration of 
H2O2 further increased to 0.08 % . Therefore, 0.005 % was determined to be the 
optimal initial concentration in the triclosan degradation, since it was the starting 
point that the removal efficiency leveled off. 
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Figure 3.17 Photocatalytic oxidation of triclosan with different initial hydrogen 
peroxide concentration (0 %- 0.08 %) (w/v). 
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Figure 3.18 Effect of initial hydrogen peroxide concentration on triclosan degradation 
(Ti02, \ max = 365 nm, reaction time二 15 min). 
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Figure 3.19 Photocatalytic oxidation of triclosan (a) U V + H2O2 (入 max= 365 nm, 
0.005 % H 2 O 2)； (b) H2O2 alone (0.005 % H 2 O 2)； (c) H2O2 + TiOz (0.005 % H 2 O 2)； (d) 
U V + H 2 O 2 + Ti02 ( A max= 365 nm, 0.005 % H 2 O 2 ) . 
With 0.005 0/0 initial hydrogen peroxide concentration, three more control 
experiments were conducted. They were the direct photolysis (with U V but no TiO�)， 
the two dark control reactions (with TiO〗 but no UV; without both TiO〗 and UV). The 
results were presented in Figure 3.19 with normalized concentrations. For the two 
dark control experiments, no significant disappearances of triclosan were observed. 
For the direct photolysis, the triclosan concentration dropped by 6.9 % of the initial 
concentration after U V irradiation for 15 min. 
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3.11 Effect of hydrogen peroxide concentration on T O C removal 
A comparison of the T O C removal in photocatalytic process for 1 hour was 
shown in Figure 3.20. The T O C removal fluctuated between 30.8 % and 28.3 % , when 
the H2O2 concentration increased from 0 % to 0.00125 % . The removal efficiency 
increased steadily from 28.3 % to 52.6 % , when the concentration of H2O2 increased 
from 0.00125 % to 0.005 %. Then the removal efficiency decreased from 52.6 % to 
30.8 % as the H2O2 concentration further increased to 0.08 % . 
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Figure 3.20 Effect of initial hydrogen peroxide concentration on T O C removal (TiO�， 
Amax= 365 nm, reaction time= 15 min). Error bars represent the standard deviations 
of triplicates. 
3.12 Effect of hydrogen peroxide concentration on 2,4-dichlorophenol 
generation during triclosan degradation 
2,4-dichlorophneol was identified as a major intermediate from 
photocatalytic oxidation of triclosan. The effect of initial hydrogen peroxide 
concentration on this major intermediate generation was indicated in Figures 3.21-
3.22. With addition of H2O2 into the reaction mixture, peak concentration of 
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dichlorophenol was significantly decreased and the time duration of maximum 
concentration occurred was shortened. When the H2O2 concentration increased from 0 
0/0 to 0.00125 0/0, its maximum concentration dropped sharply from 0.98 mg/L to 0.14 
mg/L. The concentration then fluctuated between 0.16 mg/L and 0.12 mg/L, even 
when the H2O2 concentration was further increased to 0.08 % . 
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Figure 3.21 Concentration changes of 2,4-dichlorophenol during photocatalytic 
degradation of triclosan with different initial hydrogen peroxide concentration 
(0 %- 0.08 % ) (w/v). 
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Figure 3.22 Comparsion of maximum 2,4-dichlorophenol concentration during 
degradation of triclosan with different initial hydrogen peroxide concentration 
(0 %- 0.08 % ) (w/v). 
3.13 Photocatalytic degradation of 2，4-(iichlorophenol 
The apparent major intermediate in triclosan degradation was 
2,4-dichlorophenol. As 2,4-dichlorophenol could also be degraded in photocatalytic 
process, it was necessary to determine whether the other intermediates resulted 
directly from triclosan or from dichlorophenol. Experiments were thus conducted to 
4 9 
investigate the photocatalytic oxidation of 2,4-dichlorophenol under U V at 365nm. In 
order to study the photolysis and photocatalytic degradation, kinetics experiments 
were performed with dichlorophenol concentration of 9 mg/L. The results were 
presented in Figure 3.23. Photolysis carried out as control showed the concentration 
dropped by 4.5 % of the initial concentration after U V irradiation for 1 hour. For the 
dark control experiment, there was no significant disappearance of dichlorophenol 
occurred. With photocatalysis, dichlorophenol showed 34.6 % of degradation after 1 
hour. 
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Figure 3.23 Photocatalytic oxidation of 2,4-dichlorophenol (a) U V light without TiCh 
(A max二 365 nm); (b) TiOz in the dark; (c) U V light with TiCb ( A max二 365nm). 
50 
3.14 Identiflcation of intermediates in photocatalytic oxidation of 
2,4-dichlorophenol 
To obtain information about the intermediates, degradations were carried out 
with a relative high concentration (500 mg/L) of dichlorophenol. The degradation 
time was extended to 15 hours. The chromatograph for the reaction mixture after 12 
hours of degradation was shown in Figure 3.24. Intermediates were detected by 
G C / M S with retention times of 8.98 min, 13.28 min and 13.88 min. Their mass 
spectra were shown in Figures 3.25- 3.27. The peak at retention time 8.98 min was 
identified as 2-chlorobenzoquinone having a molecular ion peak with m/z 142 and a 
fragment ion peak with m/z 114. 
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Figure 3.24 Chromatogram (GC/MS full scan mode) of reaction extract of 
photocatalytic oxidation of 2,4-dichlorophenol. 
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Figure 3.26. Full scan mass spectrum (GC/MS full scan mode) of 
4,6-dichloro-l ,3-benzenediol. 
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Figure 3.27 Full scan mass spectrum (GC/MS full scan mode) of 
4,6-dichloro-1,2-benzenediol. 
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The other two intermediates exhibited similar molecular ion peaks with m/z 
of 178, which corresponded to the addition of a hydroxyl group to the dichlorophenol 
molecule. Their mass spectra showed similar fragment ion peaks at mJz 86，m/z 115 
and m/z 149. This comparison implied that these two compounds had similar 
chemical structures. After comparison with authentic standards, they were assigned as 
4,6-dichloro-1,3-benzenediol (retention time 13.28 min) and 
4,6-dichloro-l,2-benzenediol (retention time 13.88 min). Other possible intermediate 
such as 2-hydroquinone, 4-chlorocatechol were not detected. 
3.15 Quantitative measurement of the intermediates in photocatalytic 
oxidation of 2,4-dichlorophenol 
A comparison of the quantities of the three hydroxylated intermediates was 
shown in Figure 3.28. The concentration of 2-chloroquinone increased rapidly to 5.18 
mg/L during the first 9 hours of irradiation, followed by a drop to 1.69 mg/L with 
further degradation. At 9 hours of irradiation, 4,6-dichloro-1,3-benzenediol 
concentration reached a maximum of 11.5 mg/L, and decreased to 6.20 mg/L with 
further degradation. For 4,6-dichloro-1,2-benzenediol, its concentration reached a 
maximum of 6.96 mg/L, followed by a decrease to 1.85 mg/L. The maximum yields 
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of 4,6-dichloro-1,3-benzenediol， 4,6-dichloro-1,2-benzenediol and 
2-chlorobenzoquinone obtained during the reaction were 2.3 % , 1.4 % and 1.0 % 
respectively of the initial concentration of parent compound. 
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Figure 3.28 Concentration changes of (a) 4,6-dichloro-1,3-benzenediol; (b) 
4,6-dichloro-1,2-benzenediol; (c) 2-chlorobenzoquinone during photocatalytic 
degradation of 2,4-dichlorophenol (500 mg/L) (TiO�，A max =365 nm). 
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Chapter Four Discussions 
4.1 Photochemical conversion of triclosan to 2,8-DCDD 
The possibility of dioxin formation depends on the probability of absorption 
of photon by triclosan molecule. The UV-Visible absorption spectrum of triclosan in 
aqueous solution was shown in Figure 4.1. Triclosan showed an absorption edge at 
320 nm. There was an absorption peak at 279 n m and a strong absorption band at 
wavelengths shorter than 300 nm. 
The results summarized in Table 3.2 indicated that the ring closure of 
triclosan to form 2,8-DCDD was wavelength-dependent. It was initiated by the 
absorption of photons. Under U V irradiation (A max= 254 nm), light photons were 
absorbed and the triclosan molecules were excited. The excited molecules then 
underwent intramolecular substitution to become a closed ring structure with chlorine 
ions as the leaving group. This substitution was initiated by a nucleophilic attack of 
hydroxyl group to of the carbon atom on o-dichlorophenoxy moiety. This hypothesis 
was supported by other examples of photochemical nucleophilic aromatic substitution. 
[16,56-58]. 
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Figure 4.1 UV-Visible absorption spectrum of aqueous solution of triclosan. 
The decay characteristic of 2,8-DCDD in direct photolysis ( A max二 254 nm) 
also indicated that 2,8-DCDD could react photochemically by reaching an excited 
state through direct absorption of photons. This finding was in agreement with other 
studies [12,22]. Under U V ( A max= 254 nm) irradiation, less 2,8-DCDD was generated 
in the photocatalytic process than in direct photolysis. This suggested that dioxin 
could be degraded by the photocatalysis [23]. 
4.2 Proposed mechanism of triclosan degradation 
The photogenerated electrons and valance band holes could react with 
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chemisorbed O2 and OH" to generate hydroxyl radicals. Hydroxyl radical had strong 
electrophilic character [59-60] and tended to attack the carbon atoms with the highest 
electron density. For triclosan molecule, the hydroxyl group preferentially activates 
the ortho and para positions. Besides electronic influence, steric hindrance likely 
occurs, thus para-position of the phenol moiety was more readily attacked by 
hydroxyl radicals than ortho position [61]. This attack was also facilitated by the ortho 
orientation of the ring chlorine. On the basis of the identification of intermediates and 
literature on the oxidation of phenolic compounds [62-67], the photocatalytic 
degradation pathway of triclosan was proposed in Figure 4.2. Other radical species in 
this reaction scheme were not detected. 
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Figure 4.2 Formation of quinone of tricosan and hydroquinone of triclosan during 
photocatalytic degradation of triclosan (TiOi, A max = 365 nm). 
The mechanism appeared to proceed primarily through hydroxyl radical 
addition to form O H adduct. This unstable radical then decayed to a semi-quinone 
radical. Disproportionation of semi-quinone radical yielded p-hydroquinone and 
p-quinone of triclosan. The maximum concentration of hydroquinone was estimated 
to be 50 % less than that of quinone. One possible explanation was the relatively 
lower stability of hydroquinone than quinone in water. Hydroquinone was partially 
oxidized by oxygen to yield quinone [64]. The detection of hydroquinone and quinone 
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of triclosan suggested the oxidation proceeded primarily on the phenol group, but not 
on the o-dichlorophenoxy group. It was believed that further hydroxyl radicals attack 
resulted in ring fragmentation of the phenol moiety to carboxylic acid [30-31，34，36 . 
The remaining dichlorophenoxy group was comparably less susceptible towards 
oxidation, thus 2,4-dichlorophenol became a major intermediate. 
Retention time (min) Compound m/z (relative abundance) 
10.49 2,4-dichlorophenol 63(36)，98(28), 126(10), 162(100) 
26.03 Quinone of triclosan 239(90), 267(100), 302(6) 
28.18 Hydroquinone of 148(29), 159(28), 207(23), 234(98), 268(10), 
triclosan 304(100) 
Table 4.1 Intermediates resulting from the photocatalytic degradation of triclosan 
(GC/MS full scan mode). 
Zhang et al. [2] have proposed the phenoxyl radicals to be the initial 
intermediate of triclosan oxidation. The suggested reaction pathway included 
one-electron oxidation of the phenol moiety of triclosan. During TiO〗 photocatalysis, 
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the phenoxyl radicals could be produced from direct electron-transfer between 
valance band holes and surface-bound triclosan molecules. This reaction pathway was 
not feasible, as the resulting phenoxyl radicals were strong oxidants [62 . 
Photogenerated electrons from the conduction band reduced the phenoxyl radicals to 
triclosan molecules. 
The triclosan degradation pathway was based on the decrease in aromatic 
ring number and complexity of the identified compounds. Intermediate identification 
in 2,4-dichlorophenol oxidation indicated that quinone and hydroquinone of triclosan 
were not produced from oxidation of 2,4-dichlorophenol. It was recommended to 
investigate the photocatalytic oxidation pathways of both hydroquinone and quinone 
of triclosan if authentic standards of these two chemicals were available. 
A complete degradation pathway required more intensive and throughout 
study. The number of intermediates might be under-estimated and resulted in 
incomplete degradation pathway proposed in this study. It was possible that after a 
short period of reaction time, the intermediates produced might be further reacted and 
could not be detected. Second, some intermediates might be lost in the sample 
preparation processes (solvent extraction and preconcentration). It is necessary to 
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have a series of highly specialized instrumentation that will permit analysis of 
intermediates with very different hydrophilic-hydrophobic characteristics. 
Other less chlorinated species such as dichloro-2-hydrodiphenylether and 
mono-2-hydrodiphenylether were detected in catalytic hydrogenation of triclosan over 
palladium/carbon catalysts [29]. These two species were not detected in this study. It 
was possible that for triclosan molecule, dechlorination was less significant in the 
photocatalytic degradation than catalytic hydrogenation. The chlorine substituent on 
the benzene ring reduced the electron density of the corresponding carbon atom. The 
electrophilic attacks of the hydroxyl radicals at the chlorine-substituted carbon 
became less favorable [61]. 
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4.3 Proposed mechanism of 2,4-dichlorophenol degradation 
The identification of these hydroxylated intermediates from the 
photocatalytic oxidation of 2,4-dichlorophenol suggested three reaction pathways 
(meta, ortho and para) for the hydroxyl radicals attack on dichlorophenol molecule. 
The reaction scheme for dichlorophenol oxidation was proposed in Figure 4.3. On the 
basis of the oxidation of phenolic compounds [62-67], it was believed that the 
mechanism appeared to proceed primarily through hydroxyl radical addition to 
form O H adduct. The detection of 4,6-dichloro-1,3-benzenediol as a major 
intermediate suggested meta attack was a major pathway. This pathway was favored 
by both ortho and para orientations of two ring chlorines. Formation of 
4,6-dichloro-1,2-benzenediol resulted from the addition of hydroxyl radical on the 
preferred ortho position. The para attack was the least favorable pathway. The 
electron-withdrawing property of the chlorine atom significantly reduced the electron 
density of the adjacent carbon atom, thus hindering the electrophilic attack by 
hydroxyl radicals. 
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Figure 4.3 Formation of 2-chlorobenzoquinone, 4,6-dichloro-1,2-benzenediol and 
4,6-dichloro-l，3-benzenediol from photocatalytic degradation of 2,4-dichlorophenol 
(Ti02, A max = 365 nm). 
Retention time (min) Compound m/z (relative abundance) 
8.98 2-chlorobenzoquinone 82(73), 88(32), 107(3), 114(44)，142(100) 
13.28 4,6-dichloro-1,3-benzenediol 86(16), 115(18), 149(6)，178(100) 
13.88 4,6-dichloro-1,2-benzenediol 86(6), 115(18), 149(8)，178(100) 
Table 4.2 Intermediates resulting from the photocatalytic degradation of 
2,4-dichlorophenol (GC/MS full scan mode). 
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4.4 T O C removal in triclosan degradation 
T O C analysis confirmed that triclosan was mineralized to gaseous carbon 
dioxide in the photocatalytic process. The results indicated that T O C removal (30.8 % 
of T O C had been removed after 1 hour of reaction) was much slower than the 
degradation of the parent compound (44.2 % of triclosan had been removed after 1 
hour of reaction). Photocatalytic degradation had a high ability to remove triclosan but 
could not completely mineralize it within a short reaction time. The degradation of 
intermediates was highly dependent on their collisions with TiCh particles. Since the 
T O C removal efficiency depended on the intermediates degradation rates and not on 
the triclosan degradation rate, the low adsorption ability of intermediates would 
increase the time for complete mineralization [25,68]. Therefore, the disappearance of 
triclosan was faster than T O C removal. 
4.5 Effect of hydrogen peroxide concentration on photocatalytic 
oxidation of triclosan 
Removal efficiency of triclosan in photocatalytic oxidation could be 
significantly increased by addition of only 0.005% of H2O2. There was no further 
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increase in removal efficiency even if high concentration of H2O2 were used. The 
accumulated concentration of dichlorophenol was significantly decreased with 
addition of H2O2. Overall, addition of H2O2 was beneficial to triclosan degradation. 
The obtained experimental results were in agreement with some previous studies. At 
low initial H2O2 concentration levels, increasing the H2O2 enhanced the triclosan 
degradation rate. The reduction potential of H2O2 (E^ = +1.35 V) is more positive than 
that of O2 (E^ = -0.28 V) [42]. Electron transfer to H2O2 is a more thermodynamically 
favourable reaction than electron transfer to oxygen, thus H2O2 is a better electron 
acceptor than oxygen in the photocatalytic process [47-50]. The rate of electron-hole 
recombination is greatly decreased, which consequently increase the rate of 
photocatalytic process. Secondly, addition of H2O2 produces more hydroxyl radicals 
through the reduction of H2O2 at conduction band and reduction of H2O2 by 
superoxide radicals [46-50]. 
Ccb" + H2O2+ OH- + OH Eq. 7 
O2 - + H2O2 今 OH- + OH + O2 Eq. 8 
However, when the H2O2 concentration further increases, hydrogen peroxide 
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consumes hydroxyl radicals by the following equations [47-50, 69-74 . 
H2O2 + OH H2O + HO2 Eq. 9 
HO2 + OH 今 H2O + 02 Eq. 10 
The photo generated holes are also scavenged by the excess H2O2 thus the major 
pathway for heterogeneous generation of hydroxyl radicals is inhibited [47,49]. 
H2O2 + hvB+ 今 H+ + H02 Eq. 11 
The inhibitory effect of H2O2 was observed in this study. It can be deduced from 
Figure 3.18, when the concentration of H2O2 is higher than 0.05 % , its hydroxyl 
radical scavenging effect appeared and the removal efficiency of triclosan decreased. 
It is commonly accepted that hydroxyl radical is the primary oxidizing 
species in photocatalytic oxidation process. Superoxide radicals (O2 -)and perhydroxyl 
radicals (HO2 ) are also produced in the photocatalytic process. However, they are less 
reactive than hydroxyl radicals with respect to organic substances oxidation [42,47]. 
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Therefore, the generation of more hydroxyl radicals would increase the triclosan 
degradation rate. 
Some researchers have shown that in the presence of U V illumination, 
hydroxyl radicals could be produced from the following equation [69-74]. 
H202 + /zv">2 0 H Eq. 12 
The direct production of hydroxyl radicals from hydrogen peroxide required large 
dissociation energy (213 kJmole'') for 0-0 bond cleavage [71]. This indicated that the 
energy of U V with wavelength ranging from 200 n m to 280 n m was necessary. 
Moreover, the UV-Visible absorption spectra of aqueous solution of different initial 
hydrogen peroxide concentration (0.00125 %- 0.08 % ) were shown in Figure 4.4. 
They showed an absorption edge at 300 n m and a strong absorption band at 
wavelengths shorter than 250 nm. The absorption spectra indicated that hydrogen 
peroxide was weak U V absorbing compound under U V (入max= 365 nm) irradiation. 
Therefore, in photocatalytic process (入max二 365 nm), this direct method for hydroxyl 
radicals generation was not a predominant pathway [50]. Our experimental results 
were also in agreement with the above explanation. With the addition of hydrogen 
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peroxide, triclosan removal efficiency in direct photolysis (6.9 % decline after 15 min 
of reaction) was much less than that in photocatalytic process (83.3 % decline after 15 
min of reaction). 
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Figure 4.4 UV-Visible absorption spectra of aqueous solution of different initial 
hydrogen peroxide concentration (0.00125 %- 0.08 %). 
4.6 Adverse environmental and human health effects of 2,8-DCDD 
In the United States Environmental Protection Agency (U.S. EPA) Clean 
Water Act [75], only 2,3,7,8-TCDD was considered as one of priority toxic pollutant, 
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but other dioxins were not included. According to Database of United States National 
Library of Medicine [76]，human health effects of dibenzo-p-dioxin include burning 
sensation in the eyes, nose or throat, immune system malfunction and occurrence of 
chloracne. Neurous, hepatic, endocrine, gastrointestinal and reproductive systems 
would be affected in acute exposure of dioxin. Dibenzo-p-dioxin was human 
teratogen. 
Figure 4.5 The chemical structure of 2,3,7,8-TCDD. 
According to International Agency for Research of Cancer, there is 
inadequate evidence in experimental animals for the carcinogenicity of 
2,7-dichlorodibenzo-p-dioxin. Other polychlorinated dibenzo-p-dioxins (except 
2,3,7,8-tetrachlorodibenzo-p-dioxin) were placed into Group 3: not classiflcable as to 
their carcinogenic to humans. In U.S. EPA's Integrated Risk Information System 
(IRIS), there was no available information for dibenzo-p-dioxin. 
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The environmental persistence of dioxins has led to ubiquitous distribution 
in air and water [16,18-19]. These noxious pollutants can enter the ecological food 
chains and be bioaccumulated in the lipid tissues of birds, fish and mammals [21]. 
Dioxins are frequently produced from municipal incinerators and vehicles [16-19,77]. 
In the atmosphere, these compounds are attached to airborne particulates. They enter 
aquatic systems through direct deposition from the atmosphere or from effluents of 
industrial plants that manufacture chlorinated phenols. Due to their high hydrophobic 
nature, they tend to adsorb to the fine soil particles and are detected in high 
concentrations in sediments, sludges and dust [16-18]. Dioxins can produce long-term 
contamination of our environment, due to their high resistant to biodegradation [19]. 
4.7 Adverse environmental and human health effects of 
2,4-dichlorophenol 
2,4-Dichlorophenol has been verified as one of the dioxin precursors. 
Condensation of 2,4-dichlorophenol yielded 1,3,6，8-TCDD through nucleophilic 
aromatic substitution reaction over Cu (I) catalyst [78-79]. It is one of the priority 
toxic pollutants listed by the U.S. EPA in the Clean Water Act [75]. According to 
Database of United States National Library of Medicine [76], human health effects of 
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2,4-dichlorophenol include burning pain in mouth, sweating, headache, vomiting and 
death from respiratory, circulatory or cardiac failure. 
According to International Agency for Research of Cancer, there is evidence 
suggesting lack of carcinogenicity of 2,4-dichlorophenol in experimental animals, and 
there is limited evidence in humans for the carcinogenicity of combined exposures to 
polychlorinated phenols. Combining the animals and human experimental results, 
combined exposures to polychlorinated phenols were classified as possibly 
carcinogenic to humans (Group 2B) in overall evaluation. However, in U.S. EPA's 
Integrated Risk Information System (IRIS), 2,4-dichlorophenol has not undergone a 
complete evaluation for evidence of human carcinogenic potential. 
Chlorinated phenols are ubiquitous pollutants. They are frequently used as 
wood preservatives. In the synthesis of herbicides, such as 2,4-dichlorophenoxyacetic 
acid and 2,4,5-trichlorophenoxyacetic acid, chlorinated phenols are intermediates 
[80-81]. 2,4-dichlorophenol is one of the microbial breakdown products of these 
herbicides. Dichlorophenol has high solubility in both polar and non-polar solvents, 
hence, it can contaminate lake, soil, and groundwater through storm water runoff and 
leaching. 
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4.8 Discharge limitations for 2,4-dichlorophenol 
For protection of human health from consumption of water and organisms, 
the concentration of 2,4-dichlorophenol in drinking water should not exceed 77 jig/L 
[75]. U.S. EPA also establishes effluent limitations, or called pretreatment standards, 
for pollutants discharged by the waste treatment industry into publicly owned 
treatment works (POTWs). This regulation established wastewater discharge 
standards for facilities that recover or treat metal-bearing, oily and organic wastes, 
wastewater, or used material received form off-site. P O T W s are municipal sewage 
treatment plants, which treat sanitary wastewater before discharging into surface 
water body. This established regulation; however, does not include discharge 
limitations for 2,4-dichlorophenol [82]. Moreover, 2,4-dichlorophenol in effluent was 
also not regulated by both Hong Kong Environmental Protection Department and 
State Environmental Protection Administration of China [83-84]. 
According to Database of United States National Library of Medicine, 
triclosan is considered as a low toxicity compound. It may cause mild itching or 
allergic redness on skins, and other human health effects have not been reported. 
Although in photocatalytic process (A^ max= 365 nm), the oxidation intermediate 
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(2,4-dichlorophenol) was more toxic than its parent compound (triclosan), no 
2,8-DCDD was generated. Besides, the peak level of 2,4-dichlorophenol generated in 
our study had not violated any present discharge limits. Moreover, with addition of 
hydrogen peroxide into the photocatalytic system, the generation of toxic intermediate 
would be reduced. Our study demonstrated that photocatalytic degradation by U V at 
365mn was a viable technology for the removal of triclosan. 
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Chapter Five Conclusions 
After the S A R S outbreak, there is increasing acceptance and desire for 
hygiene products by the public. However, we should also be aware of the potential 
adverse effects caused by cleansing agents. W e had demonstrated the photocatalytic 
degradation of triclosan over TiO�，with 95 % degradation within 6 hours. Removal 
efficiency of triclosan in photocatalytic oxidation could be significantly enhanced by 
the addition of H2O2 (0.00125 %- 0.08 %)• 
Detection of hydroxylated intermediates confirmed the attack of 
photogenerated hydroxyl radicals on triclosan molecules. Results showed that only 
2,4-dichlorophenol was present in a significant amount, whereas the hydroquinone 
and quinone species were at least ten times less than that of dichlorophenol. Detection 
of 2,4-dichlorophenol suggested the cleavage of ether linkage occurred in the triclosan 
degradation process. Based on the identification of intermediates in triclosan and 
dichlorphenol degradation, we could conclude that the dechlorination reaction was not 
an important step in the photocatalytic oxidation of triclosan. The high selectivity and 
sensitivity of GC/ITMS was important for 2,8-DCDD analysis at low ppb levels. 
Finally, photocatalytic degradation by U V at 365 nm was found to be a feasible 
75 
approach to treat triclosan in wastewater. 
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